Abstract-An inductively coupled contactless dc connector has been proposed for the next-generation 380-V dc distribution system in data centers. A LLC resonant dc-dc converter topology with gallium nitride (GaN) power transistors has been applied to realize the short-distance highly efficient contactless power transfer. A prototype of a 1.2-kW 384-to 192-V connector has been fabricated and the conversion efficiency of over 95% with the power density of 8.1 W/cm 3 has been confirmed experimentally under 1000-kHz operation. The design consideration has been carried out and the potential to achieve 10.0 W/cm 3 has been also shown taking the feature of the GaN power device and the characteristics of the magnetic core material for the transformer into account. The contactless dc connector integrates the functioning of an isolated dc-dc converter into a connector for space saving, and the dc current can be cut off without arc because of the inductive coupling. The proposed connector contributes to realizing a highly efficient, space saving, and reliable future 380-V dc distribution system. Index Terms-Contactless power supply, dc power distribution, dc-dc power converters, gallium nitride (GaN).
I. INTRODUCTION
T HE amount of network traffic in the data centers and the telecommunications buildings has recently been rapidly increasing due to the widespread use of information and communication technology (ICT) equipment [1] . Energy and resource conservation in these buildings and data centers will contribute to solving some of our global environmental problems. Since 2008, the Nippon Telegraph and Telephone Group has been developing 380-V DC distribution system that goes beyond the conventional 48-V dc distribution system to realize highly efficient and space-saving (high power density) power supply system [2] - [5] .
Highly efficient and ultracompact power converters are attractive to realize the high power density dc distribution system. The power density of power converters has been increasing over the past few decades and the power converters with more than Y. Hayashi, H. Toyoda, and T. Ise are with Osaka University, Osaka 565-0871, Japan (e-mail: y_hayashi@eei.eng.osaka-u.ac.jp; toyoda@pe.eei.eng. osaka-u.ac.jp; ise@eei.eng.osaka-u.ac.jp).
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Digital Object Identifier 10.1109/TIA.2014.2387481 10 W/cm 3 have been already reported for dc power systems [6] - [8] . The high power density converter contributes to not only achieving its performance improvement in the conventional system but also the development of the totally optimized novel dc distribution system.
The dc distribution system for accomplishing higher power density has been proposed taking the input series and output parallel (ISOP) and input parallel and output series (IPOS) combination of high power density dc-dc converters into account [9] . There are two key features, as follows.
• A high-voltage (HV) ac-dc converter that consists of lowvoltage ac-dc converters with series-parallel connection topology is installed to remove a distribution transformer.
• Inductively coupled contactless dc connectors (ICCCs) are utilized to reduce the total volume caused by the isolated dc-dc converter as power supply units (PSUs) and the conventional metal contact connector. Functions of the galvanic isolation and the voltage transformation are inherited to the ICCC. The high power density ac-dc converter without the distribution transformer is a part of the solid state transformer and their performances have been already reported [10] , [11] . The contactless power supply technology for dc connectors has been also reported [12] , [13] . However, the application effect of the contactless connector has not been discussed in terms of the power density for the future dc distribution system.
In this paper, the feasibility of high power density ICCC is investigated quantitatively. The dc distribution system using the ICCCs is introduced in Section II. Then, details of the circuit configuration and characteristics of the connector are described in Section III. In Section IV, the design consideration for the connector is conducted to show the potential for achieving high power density taking the characteristics of the gallium nitride (GaN) power device and the magnetic core material of the transformer into account. In Section V, a prototype of the contactless dc connector is fabricated based on the design consequence and the validity of the design is experimentally verified under 1.2-kW 384-to 192-V 1-MHz operation. Fig. 1 shows the power density trend of isolated dc-dc converters for the telecom power supply. In research and development stage, power converters with 10 W/cm 3 has been already developed for 380-V dc distribution system [14] . The power density of a connector for the 380-V dc distribution system is also shown in Fig. 1 . The volume of a socket for a connector is 100 cm 3 , and the power density per single socket is 10 W/cm 3 in the case of the output power of 1 kW. Fig. 2 shows the schematic diagram of the conventional 380-V dc distribution system for data centers. In Fig. 2 , connectors with metal contacts and isolated dc-dc converters such as PSU are installed in the 380-V dc distribution line behind the rectifier. The power density of the converters is now at a level of 10 W/cm 3 , and the highly integrated converters over 50 W/cm 3 are now commercially available for the lower voltage application as the on-board power supply [15] . The influence of peripherals will become obvious in near future. Fig. 3 shows the schematic diagram of the proposed nextgeneration 380-V dc distribution system with ICCCs. The strictly controlled dc 380 V is delivered by a HV rectifier that consists of conventional rectifiers connected in ISOP-IPOS without the distribution transformer. Several levels of dc voltages are provided to loads through the ICCCs, which a conventional metal contact connector and an isolated dc-dc converter are integrated into single hardware. In Fig. 3 , the dc voltages of 48, 192, and 384 V are considered for ICT servers, storage systems and lightings, respectively. These voltages are converted from the input voltage of 384 V by changing the turn ratio of the primary and the secondary windings of the transformer or the ISOP-IPOS connection topology with low-voltage converters.
II. NEXT-GENERATION 380-V DC DISTRIBUTION SYSTEM USING ICCC

A. ICCC Concept to Realize Higher Power Density 380 V-DC Distribution System
Here, primary and a secondary circuits of an isolated dc-dc converter are utilized as a pair of a socket and a plug for the connector, respectively. The electric power is delivered from the primary circuit to the secondary circuit through the inductive coupling in the short distance. Table I shows the power densities of installed components in the already developed 380-V dc distribution system and the proposed dc distribution system using the ICCC. By employing the contactless dc connector, the power density in the dc interface can be improved ideally from 5.0 W/cm 3 (= (10.0 × 10.0)/ (10.0 + 10.0)) to 10.0 W/cm 3 in case the isolated dc-dc converter with the power density of 10.0 W/cm 3 is directly utilized for the connector because the volume of the conventional connector does not have to be considered. This means that the high power-density-isolated dc-dc converter has the potential to improve not only its power density but also the power density of the whole dc distribution system.
B. Operating Condition and Required Performance of ICCC
Environment of the 380-V dc distribution system affects the specifications of the ICCC significantly. The characteristics of the next-generation 380-V dc distribution system related to the ICCC are as follows.
• Installed loading apparatus is known. The ICT equipment as the servers and the backup power system are mainly assumed and its electrical behavior is also well-known.
• The connection and the disconnection of the ICT equipment are infrequent. These actions are mainly conducted in the case of the trouble and the scheduled maintenance.
• The installed loads are utilized in a room. The ambient temperature and the humidity are strictly controlled by the external air-conditioning machines.
Usage environment of the ICCC are summarized as follows taking the aforementioned characteristics into account.
• Electric power through the connector is basically stable and the load variation is infrequent.
• The operating temperature and the humidity are stable.
The forced-convection cooling is available for the connector because of the air-conditioning equipment in the room. • The primary and the secondary circuits of the ICCC are fixed as a pair of a socket and a plug of a conventional metal contact connector. This means that the primary and the secondary magnetic cores of the transformer can be aligned, and its air gap can be also kept constant to keep the coupling coefficient high.
For aforementioned environment, the LLC resonant dc-dc converter topology has been applied for the ICCC. The highly efficient and high power density connector will be developed by taking the following features into account.
• High efficiency can be achieved by zero-voltage switching (ZVS) of the main switches and zero-current switching (ZCS) of the rectifier diodes. The commercially available isolated dc-dc converter based on the LLC topology has achieved the maximum efficiency of 98% and the power density of several tens of W/cm 3 [15].
• ISOP and IPOS topologies are available in the LLC converter topology [16] . Low-voltage converters are available to develop an arbitrarily HV connector under high-frequency operation. The passive component's volume can be minimized by high-frequency operation, and the possibility of the ICCC design is expanded.
• The constant switching frequency operation is available.
The voltage regulation by using pulse-frequency modulation (PFM) control is not necessary to compensate the input voltage fluctuation because the input voltage of the connector is regulated by HV rectifier in Fig. 3 . The constant frequency contributes to achieving high power density because the circuit parameters can be minimized.
• The ICCC is also available for the current limiter in the overload condition. This function has the potential to realize higher power density dc distribution system taking volumes of the protection devices as dc fuses into account.
III. CONTACTLESS DC CONNECTOR BASED ON LLC RESONANT CONVERTER TOPOLOGY
Here, circuit parameter design of a 384-to 192-V 1.2-kW ICCC is conducted under 1-MHz switching operation. Possible semiconductor power devices and the magnetic core material of the transformer are also introduced for the prototyping.
The ICCC with the aforementioned input and output voltages is available for the dc 192-V UPS and storages. Moreover, the 384 V-192-V ICCC simplifies the LLC half-bridge converter design because of the transformer turn ratio of 1.0. Based on the ISOP-IPOS topology, this connector is also available for the 384-V lighting application by connecting two converters in IPOS [9] . Ultimately, ICCCs whose output voltages are dc 48 V, dc 192 V, and dc 384 V, as shown in Fig. 3 can be developed by using 48 V-48 V isolated dc-dc converters connected in ISOP-IPOS [16] .
A. Circuit Configuration and Parameter Design
The circuit configuration of the LLC converter for the connector is shown in Fig. 4 . The availability of the LLC converter has been reported and this topology has been already applied for the wireless power transfer [17] , [18] . The ZVS of transistors and the ZCS of diodes achieve high efficiency. In the case where the turn ratio of the transformer n is 1, the voltage gain M and the phase angle θ are calculated by following (1) and (2)
Parameters V 1 and V 2 in (1) are the input and output voltages of the LLC resonant tank in Fig. 4 , respectively. The inductance at the primary side of the transformer is L 1 and this inductance L 1 includes the leakage inductance of the transformer and the The resonant capacitance is C and R means the equivalent load resistance in the fundamental harmonic approximation (FHA) [19] . In case that the coupling coefficient of the transformer k is high by using the magnetic core transformer, the influence of L 2 on the voltage gain M is negligible. Parameters to realize the contactless dc connector based on the LLC resonant converter topology are shown in Table II. Figs. 5 and 6 show the calculation results of the voltage gain M and the phase angle θ of the circuit impedance in the LLC resonant tank, respectively. The voltage gain M was drawn when the switching frequency f SW varied from 100 kHz to 10 MHz. The phase angle θ was also drawn for the switching frequency. In Fig. 6 , the positive value means the impedance has the inductive characteristics because the phase angle of the current has the delay against that of the voltage. The voltage gain and the phase angle were drawn when the output power changed from 5% to 200%. Here, the output power of 100% means the rated power of 1200 W in Table II. In the ICCC application in the next-generation 380-V dc distribution system, its output voltage does not have to be compensated under the input voltage disturbances because the input voltage of the connector can be controlled strictly by the HV rectifier in Fig. 3 . This means that the PFM for the voltage regulation is not necessary, and the switching frequency can be fixed. This contributes to achieving higher power density because of the minimization of circuit LC parameters without taking the frequency swing into account.
The soft switching operation has to be achieved in the LLC circuit to accomplish the high efficiency. For the ZVS soft switching operation during the turn on of the main switch Q, the impedance of the LLC resonant circuit has to be the inductive characteristics (i.e., the phase angle θ must have the positive value in Fig. 6 ). For the ZCS soft switching operation of the rectifier diode D, the switching frequency f SW has to be less than the resonant frequency f rH . Here, the resonant frequency f rH was set at 1100 kHz for the switching frequency f SW of 1000 kHz. By setting the frequency f SW close to f rH , the voltage gain M were kept at an approximately constant value for the load variations from 5% to 200%.
Circuit parameters of L 1 , L 2 , L m and C are designed to keep the LLC impedance characteristics inductive for the variable output power. Parameters in Table II were determined to achieve ZVS and ZCS for 5% to 200% output power at the frequency of 1.0 MHz, as shown in Fig. 6 .
The magnetizing inductance L m was determined to suppress the magnetizing current I Lm , as shown in (4). Here, the peak magnetizing current was set at 4.9 A under the peak resonant current was 9.8 A calculated by the FHA analysis at 1.2-kW output power. The inductance L 1 consists of the leakage inductance and the external inductance L ex . Equation (5) shows the calculation result for L 1 with the external inductance of 1.4 μH and the coupling coefficient of 0.98. The inductance L 2 means the leakage inductance and this is calculated as 0.2 μH.
The resonant capacitance C was designed in order that the resonant frequency f rH corresponded to the designated frequency of 1100 kHz, as shown in (6) . The capacitance C was calculated as 11.7 nF by using aforementioned
Here, the peak magnetizing current and the external inductance are underspecified values, and they are controllable in order that the LLC impedance has the inductive characteristics. The high coupling coefficient of 0.98 for the transformer was achieved by using the magnetic core and the effect of leakage inductances were relatively small. 
B. Components for 1-MHz Operation 1) High-Speed and Ultra-Low-Loss Semiconductor Power
Devices: The gallium nitride (GaN) power device is attractive to accomplish high efficiency and high-frequency operation. The switching loss energy is smaller than conventional Si power devices and the turn-off energy is independent of the drain current [20] , [21] . In the LLC resonant converter topology, the turn-on energy can be eliminated by ZVS and the turnoff energy has to be minimized taking the turn-off time into account. The constant turn-off energy for the drain current makes the LLC converter design simple. Fig. 7 shows the measurement result of the switching loss energy for GaN-HEMT, Silicon Carbide (SiC)-MOSFET, SiC-JFET and Si-SJ (Super Junction) MOSFET. The double-pulse test was applied to measure switching loss energies under the inductive load condition. The input drain to source voltage was dc 384 V and the drain current was varied to measure the losses. The 600 V SiC-SBD was utilized for the free-wheeling diode in this test.
The turn-off switching loss energies for SiC-MOSFET, SiC-JFET, and Si-SJ MOSFET increase as the drain current becomes larger. Characteristics, which the turn-off energy is independent of the drain current, can be seen in the turn-off switching loss energy of GaN-HEMT. The turn-off switching loss P OFF generated from single GaN-HEMT in the connector is simply calculated as P OFF = f SW × E OFF by using the constant value E OFF which means the turn-off switching loss energy in Fig. 7 .
2) Low-Loss Magnetic Core Material for High-Frequency Transformer: Remarkable loss reduction of semiconductor power devices has been achieved by novel power devices such as SiC and GaN. The ratio of the power loss generated from magnetic components such as transformers and inductors becomes relatively increasing. To realize highly efficient contactless dc connector, the low-loss magnetic core material is indispensable for the high-frequency transformer. The core material MC2 from JFE Ferrite was utilized in this study. Fig. 8 shows the core losses calculated for commercially available five magnetic core materials. The loss characteristics were obtained from published datasheets and the loss curves were drawn under the condition that the product of the magnetic flux density ΔB and switching frequency f SW was 15 000. In Fig. 8 , the core loss generated from the MC2 core material was minimum in case that the switching frequency was varied from 200 to 1000 kHz. This core material is one of the options to realize the high power density connector in the case of up to 1-MHz switching operation.
Here, the circuit parameter design and the material characteristics were described for 1.2-kW 384-to 192-V 1-MHz ICCC. In the next section, the power density and the conversion efficiency are estimated, and the potential for achieving higher power density is discussed.
IV. DESIGN CONSIDERATION FOR HIGH POWER DENSITY CONTACTLESS DC CONNECTOR
The design methodology for high power density converters has been already proposed [22] - [24] . The relationship between the power density and the efficiency is essential to evaluate the barrier of power converter performance. Authors have already proposed the design methodology for realizing high power density converters [24] . The parameter design to maximize the power density has been also conducted for the isolated dc-dc converter drawing relationship between the power density and the conversion efficiency using a power loss limit model for the novel power device and the loss map for the magnetic core material that estimate exact power losses under real circuit operation conditions [25] - [27] . Here, this design methodology is applied for the 1.2-kW 384-to 192-V contactless dc connector and the possible power density is estimated taking the influences of variable parameters related to the transformer into account.
A. Power Density and Conversion Efficiency Estimation
The relationship between the power density and the conversion efficiency of a 1.2-kW 384-to 192-V contactless dc connector is simply estimated under the ideal condition. The ideal condition means the following postulations.
• Semiconductor power devices, gate drivers and auxiliary circuits can be constructed by the highly integrated power modules.
• Power density is calculated by the total amount of components' pure volumes. The interspaces among components are not taken into account to estimate the power density.
Highly integrated power modules are now available, and the progress of the integration technology makes the effect of the interspace negligible. Through the aforementioned postulations, the influence of the design parameters related to the transformer on the connector performance can be simply discussed, and the potential of the connector using a GaN power transistor and an MC2 magnetic core material is shown clearly.
The power density of the connector D P and the efficiency η are estimated simply by using the following equations:
The output power of the connector is P OUT and the total volume of the connector is V OT . The total volume V OT consists of the volume of the power module V OM including semiconductor power devices and the auxiliary circuit, the transformer volume V OX , the resonant capacitor volume V OC and the heat sink volume V OHS . The heat sink volume V OHS is simply estimated as follows by using the total power loss P T and the heat dissipation efficiency k HS [28] 
The total power loss P T consists of the loss from the main switch P Q , the transformer loss P X , the capacitor loss P C and the loss from the rectifier diode P D . The power losses from transistor P Q consist of the conduction loss P COND and the turn-off switching loss P OFF . The conduction loss of the transistor P COND depends on the on-resistance R ON and the converter resonant current I. The turn-off switching loss P OFF is determined by the operating switching frequency f SW and the turn-off energy E OFF shown in Fig. 7 . The losses from the transformer P X consists of the winding copper loss P Cu and the core loss P CORE . The copper loss P Cu depends on the winding resistances R WP , R WS and the resonant current I. The core loss P CORE is calculated by using the frequency f SW and the core loss energy E CORE in Fig. 8 . The resistance R C means the equivalent series resistance (ESR) of the resonant capacitor C and the voltage V D shows the forward voltage drop of the rectifier diode D. Here, the current I through the resonant circuit is commonly utilized to estimate the losses P Q , P X , P C and P D because the turn ratio of the transformer n is 1. Fig. 9 . Measurement result of normalized winding resistance per 1 cm in high-frequency transformer using PQ core.
B. Relationship Between Power Density and Efficiency for 1.2-kW 384-to 192-V Connector
The calculation result of the relationship between the power density and the efficiency are shown here for the 1.2-kW 384-to 192-V connector. Table III shows the hardware and their fixed parameters to develop the connector. Here, the 600 V-16 A GaN-HEMTs with on-resistance of 150 mΩ and 600 V-12 A SiC-SBDs with a forward voltage drop of 1.4 V at the rated current were utilized here. Their current densities were constant because the output power of 1200 W was constant in this design. The volume related to the power devices with auxiliary circuits are set at 15 cm 3 for the primary and the secondary circuits in the connector. The volume of 15 cm 3 was decided by using the datasheet of the commercially available 600 V-15 A power module and the integrated circuit board developed in the experiment.
The polyurethane enameled copper round wires (UEW) were applied for the transformer windings to decrease the winding resistance caused by the skin effect and the proximity effect [29] . The current density J W of the primary and the secondary windings was also fixed at 3.0 A/mm 2 because of the constant output power. Fig. 9 shows the measurement result of the normalized winding resistances per 1 cm using the LCR meter PSM1735 from N4L in case the magnetic core shapes of PQ 40, PQ 50, and PQ 107 were employed for the high-frequency transformer X in the connector. Here, the resistance per 1 cm was 0.3 mΩ/cm at 10 kHz. The resistance with skin effect in this figure means the calculation result of the winding resistance, which takes the influence of the skin effect into account by using the analytical equation [30] . The calculation result had good agreement with the measurement results for three cores. This means that the winding resistances per unit length could be exactly estimated by using the analytical equation taking the influences of the skin effect and the proximity effect into account. The winding resistances R WP and R WS of the transformer were calculated by using the calculation and the measurement results. Table IV shows variable parameters for this design. The magnetic flux density ΔB, the core dimensions of the transformer and the switching frequency f SW were varied. Parameters related to the transformer were mainly varied because the transformer had the some structural parameters, and these parameters affect the power loss and the volume directly. In this design, the heat dissipation efficiency k HS was set at 0.65 W/cm 3 . This was calculated by using the existing cooling condition of a 5-kW isolated dc-dc converter for 380-V dc distribution system [31] . The loss of the converter was 128 W from the efficiency of 97.5% and the heat sink volume was 200 cm 3 . To change the core shape, the core width was mainly controlled here. The core depth and the core height were considered to be proportion to the core width based on the determined core shape. The core shape of the transformer was fixed and the PQ type magnetic cores from PQ20 to PQ50 were applied for the connector design. The air gap between the primary and the secondary cores of the transformer is adjusted to prevent the saturation of the magnetic core, and this is much shorter than the dimensions of the magnetic core. The leakage inductances L 1 and L 2 might vary in case the core dimensions and the gap length changed. However, the utilization of the magnetic core makes their influences negligible because of the high coupling coefficient. In this paper, the leakage inductances L 1 and L 2 are relatively smaller than the required resonant inductance and the resonant inductance can be controlled independently from the outside. The influences of the resonant inductance on the connector performance is not considered because this inductance is sufficiently smaller than the magnetizing inductance of the transformer. Fig. 10 shows the relationship between the power density and the efficiency for the 1.2-kW 384-to 192-V contactless dc connector in case that the switching frequency f SW was varied from 100 to 1000 kHz, the magnetic flux density ΔB was varied from 50 to 150 mT, and the core dimensions were changed from PQ20 to PQ50. The power density and the efficiency were calculated for a total of 3000 samples (10 switching frequencies, 10 magnetic flux densities, and 30 transformer core shapes). In this figure, 1437 samples were plotted considering the maximum bias magnetic field to prevent the saturation of the transformer. Parameters in Table IV affect both the power density and the efficiency largely. In the lower switching frequency operation (e.g., less than 500 kHz), the realization of the connector with the low power density and the high efficiency is expected. The maximum efficiency of 96.2% was confirmed at 400-kHz operation. In higher frequency operation (e.g., over 500 kHz), the connector with the higher power density and the lower efficiency will be feasible. The maximum power density of 10.0 W/cm 3 was shown at 800-kHz operation. In the switching frequency of 1.0-MHz operation, the power density of 9.8 W/cm 3 with the efficiency of 95.4% was the best solution. Fig. 11 shows the power density and the efficiency under 1-MHz switching operation. These data were extracted from Fig. 10 . The maximum power density of 9.8 W/cm 3 and the maximum efficiency of 95.4% were promising in this design. The data for the existing (commercially available) magnetic core of PQ35, PQ40, and PQ50 were also highlighted. The maximum power density was restricted by the variety of the product. In terms of the manufacturing, the utilization of the core shape PQ35 with the magnetic flux density ΔB of around 100 mT was the suitable operating condition to maximize the power density under 1.0-MHz operation. The power density of 8.1 W/cm 3 is expected in the experiment. The power density and the efficiency were estimated and their relationship was clarified. The calculated power density of 8.1 W/cm 3 was maximum taking the experimental conditions into account although the power density of 10.0 W/cm 3 was promising in the whole design region of Table IV. In the next section, the prototype of the contactless dc connector based on the design consequence is developed to confirm the validity. The feasibility of the ICCC is verified experimentally here. The estimation result obtained from the design in the previous section was referred to decide the operation condition for the experiment. Table V shows the specifications for the experiment. This table was summarized by using Tables I to IV. The output power of the LLC resonant converter for the connector is 1.2 kW. The input and the output voltages are 384 and 192 V, respectively. The switching frequency was set at 1000 kHz because of the maximum frequency in the previous design. The switching operation at 1.0 MHz is sufficient to prove the feasibility under the several hundred of kilohertz operations. The estimated maximum power density of 9.8 W/cm 3 under 1-MHz operation is approximately equal to the maximum power density of 10.0 W/cm 3 in the whole design region. The GaN-HEMTs and SiC-SBDs were utilized for semiconductor power devices and MC2 was employed for the magnetic core material of the high-frequency transformer to achieve high efficiency. The core shape was PQ35 and the turn number of the windings was set at 5 to keep the magnetic flux density ΔB of the transformer around 100 mT. The operating magnetic flux density ΔB can be calculated as the following equation. Here, the turn number of the transformer winding is N P . The effective cross-sectional area of the magnetic core is S e which is given from the datasheet. The injected voltage to the transformer is V 1 in Fig. 4 . The induced time T ON is determined by the switching frequency
Fig . 12 shows the fabricated prototype and Fig. 13 shows the steady-state waveforms under 1.2-kW and 1-MHz operation. The LLC input voltage means the drain to source voltage of the low-side GaN-HEMT. The LLC input current means the current through the leakage inductance L 1 and the resonant capacitor C. Rectifier input current is through the leakage inductance L 2 . The constant output voltage of 192 V was obtained and the LLC input voltage was pure square wave, which changed from 0 to 384 V. The ZVS operation was confirmed because the LLC input voltage changed from 384 to 0 V when the LLC input current was positive. The ZCS was also confirmed because the rectifier input current was approximately equal to 0 A when the LLC input voltage changed.
The measurement result of the conversion efficiency is shown in Fig. 14 . The efficiencies from 200 to 1200 W were measured by using the power meter WT3000 from YOKOGAWA. From this figure, the maximum efficiency of 95.2% was confirmed at 850-W operation, and the efficiency of 94.9% was also shown at the rated power of 1200 W.
The calculation result of the power loss was also shown in Fig. 14. The conduction loss P COND and the switching turnoff loss P OFF generated from the transistor Q, the winding losses P Cu and the core loss P CORE from transformer X, the ESR loss P C from the resonant capacitor C and the conduction loss P D from the rectifier diode D were calculated based on the equations (10)- (13) . The pie chart in this figure means the power loss analysis for the efficiency of 94.9% at 1200-W output power. These calculated results had good agreement with the experimental results from 200 W to 1.2 kW.
The ideal power density can be evaluated by using the experimental result at the rated power. The power loss P T generated from the connector was 64.5 W because of the efficiency of 94.9% at 1.2 kW. The heat sink volume was calculated to be 99.2 cm 3 from the heat dissipation efficiency of 0.65 W/cm 3 . The transformer volume V OX was 34.3 cm 3 from the published datasheet for PQ35. The volumes V OM related to the semiconductor power devices with auxiliary circuits was 15.0 cm 3 taking the circuit board in Fig. 12 and the commercially available 600 V-15 A integrated power module into consideration. From these data, the power density of 8.1 W/cm 3 was obtained for the experimental breadboard. These were calculated by following equations: The measured efficiency in the experiment had good agreement with the estimated one in the design. The power density obtained from the experiment also corresponded to the designed one. This means that the estimated power density and the efficiency in Fig. 10 will be achieved if the boundary conditions caused by the magnetic core dimensions in the real product are removed. The power density of 10.0 W/cm 3 will be achieved under 800-kHz operation taking the aforementioned postulations for the design into account.
Design parameters that were fixed in this study has the potential to improve the power density of the ICCC. From  Fig. 14 , the conduction loss from the rectifier diode and the winding loss from the transformer were influential because these losses have large impact on the heat sink volume in the forced-air cooling. The utilization of Si-SBD is one of options to reduce the conduction loss from the rectifier diode [32] . The synchronous rectification is also the strong candidate for higher efficiency. For the winding loss reduction from the transformer, the copper foil winding will be attractive. The design consideration clarifies critical parameters to improve the power density, and the approach to achieve higher power density of over 10.0 W/cm 3 can be discussed by taking these parameters into account.
VI. CONCLUSION
The ICCC has been proposed to realize the future high power density 380-V dc distribution system in data centers. The LLC resonant circuit topology was applied to realize the short-range highly efficient contactless power transfer. The prototype of a 1200-W 384-to 192-V ICCC was fabricated using the GaN-HEMT and MC2. The efficiency of over 95.0% was experimentally confirmed and the power density of 8.1 W/cm 3 was obtained. The design consideration for the contactless dc connector was also conducted, and the approach to achieve higher power density of 10.0 W/cm 3 was shown. This means that the proposed ICCC will be developed in the same volume with the conventional metal contact connector, and the conventional connector will be removed for space saving.
The contactless dc connector has the potential to realize the function of the protection device as the current limiter because this is derived from the isolated dc-dc converter. The proposed connector contributes to realizing highly efficient, space saving, and reliable future dc distribution system.
